High-latitude coral reefs provide natural laboratories for investigating the mechanisms and limits of coral calcification. While the calcification processes of tropical corals have been studied intensively, little is known about how their temperate counterparts grow under much lower temperature and light conditions. Here, we report the results of a long-term (2-year) study of seasonal changes in calcification rates, photo-physiology and calcifying fluid (cf) chemistry (using boron isotope systematics and Raman spectroscopy) for the coral Turbinaria reniformis growing near its latitudinal limits (34.58 S) along the southern coast of Western Australia. In contrast with tropical corals, calcification rates were found to be threefold higher during winter (16 to 178 C) compared with summer (approx. 218 C), and negatively correlated with light, but lacking any correlation with temperature. These unexpected findings are attributed to a combination of higher chlorophyll a, and hence increased heterotrophy during winter compared with summer, together with the corals' ability to seasonally modulate pH cf , with carbonate ion concentration ½CO 2À 3 cf being the main controller of calcification rates. Conversely, calcium ion concentration [Ca 2þ ] cf declined with increasing calcification rates, resulting in aragonite saturation states V cf that were stable yet elevated fourfold above seawater values. Our results show that corals growing near their latitudinal limits exert strong physiological control over their cf in order to maintain year-round calcification rates that are insensitive to the unfavourable temperature regimes typical of high-latitude reefs.
Introduction
Symbiotic corals are the foundation species of coral reef ecosystems, creating complex three-dimensional habitats that harbour over one-third of the oceans' biodiversity [1] . Their distribution spans almost 708 of latitude, occupying a range of environments from tropical equatorial regions to cold temperate zones [2] . However, the future of these highly diverse and widespread ecosystems is threatened by the unprecedented impacts of both CO 2 -driven ocean acidification (OA) and warming [3] . Abrupt El Niñ o-Southern Oscillation (ENSO)-driven ocean-warming events cause widespread coral bleaching and mortality due to the loss of the algal symbiont [4, 5] , while declines in seawater pH and carbonate ion concentrations ð½CO 2À 3 Þ due to OA have often been shown to cause declines in coral calcification rates (e.g. [6, 7] ).
However, the effects of OA and rising seawater temperatures on symbiotic corals are likely to vary geographically. For example, high-latitude reefs (i.e. above 288 N and below 288 S) are already considered marginal, in part due to their low seawater aragonite saturation state (V), and will experience further declines in V due to OA, making them less suitable to support coral calcification [3] . By contrast, warming seawater temperatures may have a positive net effect on high-latitude coral & 2018 The Author(s) Published by the Royal Society. All rights reserved.
calcification rates, particularly during winter when lower temperatures currently limit calcification rates [8] [9] [10] [11] . However, during winter increased heterotrophic feeding at high latitude may help to offset the negative influences of lower temperatures and V sw by providing corals with the energy required for calcification processes [12, 13] . Furthermore, while high-latitude warming would be expected to enhance coral calcification rates, and hence outweigh the negative effects of OA, increases in summertime temperatures beyond localized thermal optima may cause bleaching and declines to calcification [5, 14] . Given the wide range of possible responses, and that atmospheric CO 2 concentrations are projected to continue increasing even under stringent emissions reduction scenarios, it is therefore critical to better understand the coral calcification mechanisms and strategies available for corals at high latitude to endure ocean warming and acidification [15, 16] .
One such strategy to cope with and acquire resistance to OA is the corals' ability to modulate chemical conditions at the site of calcification (e.g. [15] [16] [17] [18] [19] [20] ). Reef-building corals create their calcium carbonate (CaCO 3 ) skeletons within a seawater-supplied, semi-isolated extracellular calcifying fluid (cf), located between the sub-calicoblastic cells and the skeleton [21] . While this process is highly biologically modulated [21] , the reaction kinetics are still nevertheless dependent on temperature and V in the cf [22] . Although aragonite is already supersaturated in ambient seawater (i.e. V . 3), corals possess mechanisms to upregulate both pH cf and dissolved inorganic carbon (DIC cf ) to increase V cf above seawater levels (i.e. approx. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [15, 17, 18] , and thus promote rapid CaCO 3 growth [22] . Additionally, the counter-regulation of pH cf and DIC cf on seasonal time scales [18] may also act to dampen the effect of seasonally variable temperature on high-latitude calcification rates (see [23] ). Thus, while laboratory experiments have demonstrated that declines in coral pH cf still typically occur under OA (e.g. [17, 24] ), it is clear that the corals' strong ability to upregulate pH cf and DIC cf is a critical mechanism for calcification, and provides corals with some resistance against the negative impacts of OA (e.g. [16, 18] ).
The ability to infer the calcium ion concentrations in the cf ([Ca 2þ ] cf ), pH cf , DIC cf and V cf , however, has only recently become feasible due to the development of new geochemical approaches using boron isotope (d 11 B) and elemental (B/Ca) systematics [18] , together with Raman spectroscopy [25, 26] . Thus, until recently, typically one [17, 20, 24, 27] or at most two (e.g. [18, 28] Here, we combine novel geochemical analyses (Raman spectroscopy and boron systematics) to quantify cf chemistry (i.e. pH cf , DIC cf , CO 2À 3cf , Ca 2þ cf and V cf ), together with calcification rates and photo-physiology as a proxy for coral health ( photochemical efficiency; F v /F m ), for the high-latitude coral species Turbinaria reniformis growing near the latitudinal limits for hermatypic coral growth in Bremer Bay, Western Australia (WA; 34.58 S; 178 C to 218 C). We show how corals seasonally regulate their cf chemistry to optimize calcification rates at high latitude. Our study is the first to constrain both aspects of V cf (i.e. CO 2À 3 and Ca 2þ ) as well as pH cf for corals growing in situ. Informed by this unique dataset, we present a conceptual model to elucidate the mechanisms of high-latitude coral calcification with respect to the full suite of carbonate system dynamics within the cf.
Material and methods (a) Study sites and overview
Bremer Bay is located approximately 500 km southeast of Perth in WA, bordering the Southern Ocean (34.48 S, 119.48 E; figure 1a). These waters support seven symbiotic species of coral, which probably migrated southwards via the Leeuwin Current, a pole-wards flowing current that transports warm water along the WA coastline [31] . Turbinaria reniformis is the dominant coral species at this location, with 100% coral cover in some areas, surrounded by macro-algae and seagrass. Seasonal mean monthly seawater temperatures typically range from just 178C to 218C, and light levels range from 13.5 to 21 mol m 22 d 21 (figure 1b,c). We measured coral calcification rates, linear extension rates and photo-physiology (F v /F m ), and analysed the chemical composition of the cf for T. reniformis at two sites in Bremer Bay: Back Beach (herein entitled Site 1; approx. 9 m water depth) and Little Boat Harbour (herein entitled Site 2; approx. 7 m water depth) (figure 1a). Measurements were taken every 3-4 months over an approximately 2-year period between December 2014 and October 2016 (see the electronic supplementary material for additional details).
(b) Environmental measurements and the 2016 El Niño
Photosynthetically active radiation (PAR), temperature, salinity, pH on the total scale (pH T ), total alkalinity (TA) and nutrients (ammonium, nitrate þ nitrite and phosphate) were measured throughout the study as per previously published methodology [32] . Monthly satellite-derived chlorophyll a for Bremer Bay was obtained from the Integrated Marine Observing System (IMOS) [30] (electronic supplementary material, figure S1 ). The 2015/16 global El Niñ o caused anomalously cold water conditions during the 2016 winter in southwest WA. Seasonal seawater temperatures in Bremer Bay during the 2016 El Niñ o winter were, on average, up to 18C cooler than the 20-year long-term average [30] , highlighting the chronically cold winter events (168C) that high-latitude corals must cope with. Further details are provided in the electronic supplementary material.
(c) Photo-physiology
The maximal quantum yield of electron transport through photosystem II (F v /F m ) was measured using a Diving-PAM (Walz, Germany). Measurements of F v /F m were performed after 1 h of dark acclimation. The fibre-optic probe on the PAM fluorometer was kept at a fixed distance (5 mm) using plastic tubing. The PAM settings used were: measuring intensity (3), gain (3), saturation intensity (12) per parent colony, located approx. 3 to 5 m apart). The sample specimens were mounted on plastic tiles, and deployed in situ on aluminium frames (see [32] ). Changes in weight were measured using the buoyant weight technique [33] , and then normalized to surface area using a regression between surface area (measured using IMAGEJ software [14] ) and dry weight (9 to 190 g; n ¼ 23, r 2 ¼ 0.98; electronic supplementary material, figure S2 ). Linear extension rates were measured on naturally growing coral colonies at Site 2 only. We marked these corals with semi-permanent reference points by drilling three separate nails into two colonies. The extension rates were measured by taking the distance (+ 1 mm) from the reference point to the growing edge at three-month intervals. Geochemical studies (see following) were undertaken on the outmost growing tips of specimens sampled every three months over the approximately 2-year period.
(e) Geochemical analyses
We used Raman spectroscopy to determine V cf , and boron systematics (d 11 B, B/Ca) to determine coral pH cf , ½CO 2À 3 cf , and by inference [Ca 2þ ] cf . Previous protocols were used for analysis of trace elements and boron isotopes (see [18, 23] ) and Raman spectroscopy [25] . Sampling distances of the coral skeletons were based on linear extension measurements (0.3 to 1.5 mm month 1 ; electronic supplementary material, table S1). Additionally, we used the molar ratios of strontium to calcium (Sr/Ca) and lithium to magnesium (Li/Mg) temperature proxies to confirm the seasonal chronology of skeletal growth histories.
The pH cf was derived from the measured skeletal d 11 B values according to the following equation [34] :
ð2:1Þ
where pK B is the dissociation constant of boric acid in seawater [35] at the temperature and salinity of the seawater in Bremer Bay, d
11 B carb and d
11
B SW are the boron isotopic composition of the coral skeleton and average seawater (39.61‰), respectively, and a B is the isotopic fractionation factor (1.0272) [36] .
We estimated ½CO
2À
3 cf using molar ratios of boron to calcium (B/Ca) according to the following relationship [18, 37] :
where ½B(OH) À 4 cf is the concentration of borate in the cf, K B=Ca D is the distribution coefficient for boron between aragonite and seawater [18] , and [B/Ca] arag is the elemental ratio of boron to calcium measured in the coral skeleton. The concentration of DIC cf was then calculated from the estimates of pH cf and ½CO 2À 3 cf [18, 28] . Raman spectroscopy was conducted to determine V cf using an abiogenic calibration to peak width [25] . Finally, the [Ca 2þ ] cf was inferred from V cf (Raman) and ½CO 
where K* sp is the solubility constant for aragonite as a function of temperature and salinity, V cf is the saturation state of the cf determined from Raman, and ½CO 
Results (a) Environmental conditions
On average, monthly averaged seawater temperatures ranged from 168 to 218C (figure 1b). Site 2 showed cold temperature 'spikes' during January and February 2016 that were not evident at Site 1 (figure 1b ; figure 1d ). (c) Coral calcification rates and extension rates figure 3f ).
Discussion (a) Drivers of the seasonal patterns of coral calcification
We found that the high-latitude coral T. reniformis exhibited unusual seasonal patterns of calcification, with threefold higher calcification rates during winter compared with summer. This is in strong contrast to the well-established pattern of enhanced summer calcification in both tropical [38, 39] and high-latitude corals [8] [9] [10] [11] , providing novel insights into the drivers and mechanisms supporting coral growth at its latitudinal limits. Our findings are unexpected given that seasonally higher temperatures should have promoted faster growth during summer compared to winter due to the strong temperature-dependence of aragonite precipitation rates [22] and light-enhanced calcification [40] . For example, in tropical corals, calcification rates typically increase with temperature until an optimum is reached, which is usually equal to, or slightly above, the annual average temperatures experienced by the coral (figure 3a) [38, 39, 41] . Moreover, along latitudinal temperature gradients, coral calcification rates generally decline with increasing latitude (decreasing temperatures) and are much lower than their tropical counterparts [42, 43] . By contrast, our findings demonstrate that the positive relationship between temperature and calcification rate observed in tropical corals is not applicable to all high-latitude coral species.
Few other studies report area-normalized field-based calcification for T. reniformis. Our rates of calcification during the winter (34.58 S; 0.3 to 0. 5 [8, 14, 32, 45, 46] ). However, the mechanisms underlying faster growth during winter and at high latitude are not yet fully understood, particularly for corals growing near their latitudinal limits [23] , and our study is among the first to provide insights into the mechanisms enabling these patterns. One possible explanation for the lower growth rates during summer compared with winter is that the corals may have experienced heat stress during the warmer summer months resulting in suppressed summer growth rates [14, 28] . However, this hypothesis is not supported by measurements of F v /F m , which showed no signs of chronic photo-inhibition during the summer months (figure 2a). Furthermore, no visible signs of bleaching (i.e. paling of corals due to loss of photosynthetic pigments and/ or symbionts) were observed throughout the study (authors' observations). Nevertheless, F v /F m was negatively correlated with seasonal changes in light (r 2 ¼ 0.37; electronic supplementary material, figure S4 ), such that these corals showed a seasonal photo-acclamatory response, with higher photosynthetic efficiency during winter under low light levels; this is similar to results from previous work, albeit in tropical locations [47] .
(b) Mechanisms of coral calcification at their latitudinal limits
A more plausible explanation for the unusually high calcification rates in winter compared with summer is that the corals were able to dictate seasonal rates of calcification by modulating their internal chemistry to counteract changes in the external conditions (i.e. temperature and light) [23] . For example, the absence of any temperature and light-dependent seasonality in the calcification rates can be largely explained by higher wintertime pH cf and ½CO 2À 3 cf to support higher calcification rates during winter, despite the seasonally lower light, temperature and DIC cf . Meanwhile, during summer, reduced pH cf and ½CO 2À 3 cf corresponded to lower rates of calcification ( figures 1 and 4) . Therefore, the unexpected negative relationship between seasonal light and calcification rates may have indirectly resulted from the concurrently higher upregulation of pH cf (and thus higher ½CO Furthermore, we found that pH cf was negatively correlated with DIC cf , consistent with previous studies for tropical and sub-tropical corals (approx. 0.1 to 0.2 pH units) [18, 23] . Given that the process of pH upregulation is thought to be relatively energetically inexpensive [15] , healthy corals are able to systematically counter-regulate DIC cf and pH cf to maintain elevated V cf [16, 18, 23] , therefore potentially regulating their calcification rates [15, 23] . These seasonal changes in DIC cf [18, 23] were pro-cyclical with temperature and light (except during the 2016 El Niñ o winter), and thus consistent with temperature-and/or light-driven seasonal changes in metabolic CO 2 [21, 50] . Furthermore, our results support a recent study showing that corals growing in a sub-tropical environment at Rottnest Island (located approx. 550 km northwest of Bremer Bay in WA) can maintain stable calcification rates year-round by modulating their cf carbonate chemistry, such that the effect of seasonally varying temperature and light on rates of bulk calcification was dampened (see [23] ).
Interestingly, the counter-regulation of DIC cf and pH cf appears to systematically shift biogeographically. Although we cannot rule out species specific differences, T. reniformis shows higher pH cf (approx. 8.5 to 8.65 at 16 to 218C) than both the sub-tropical corals at Rottnest Island (approx. 8.4 to 8.6 at 18 to 248C) and the tropical corals at Coral Bay (approx. 8.3 to 8.55 at 22 to 288C) and Lizard Island (approx. 8.25 to 8.5 at 23 to 28.58C) [18, 23] , consistent with rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180215 a temperature-dependence of pH cf regulation [18, 23] . This trend occurs in the absence of any differences in absolute pH sw values and independently of the magnitude of seasonal changes in pH sw (i.e. approx. 8.03 to 8.10 at all locations). Thus, this physiological control on pH upregulation appears to be a ubiquitous strategy among both high-latitude and tropical corals for counter-acting declines in metabolically supplied DIC cf [18, 23] .
However, other factors probably contribute to the capacity of T. reniformis to tolerate sub-optimal conditions (i.e. low light and temperature) and to calcify at faster rates during winter compared to summer. One possible explanation is that only the species that can heavily rely on heterotrophic feeding or have high environmental tolerance are able to survive in temperate reefs at high latitude [12, 51] . For example, in addition to the energy provided by their photosynthetic symbionts, corals can also meet their energy requirements by heterotrophic feeding on plankton, although this ability varies between species (e.g. see review [52] ). Thus, another potential explanation for the unusual seasonality of calcification rates is a higher reliance on heterotrophy during winter when temperatures and light levels are low. The positive relationship between heterotrophic feeding and calcification rates is well documented, particularly for temperate corals [12, 53] , and seasonal variability in feeding has been shown previously, for example, in the symbiotic temperate coral Cladocora caespitosa in the Mediterranean Sea, which switches between autotrophy during summer and heterotrophy during winter [54] . Chlorophyll a levels were higher in winter compared with summer in Bremer Bay (figure 1d), and a positive correlation between calcification rates and chlorophyll a has been demonstrated previously [11, 43] . Assuming the higher wintertime chlorophyll a corresponded to increased heterotrophy, this may have contributed to higher calcification rates during winter compared with summer by maintaining metabolic energy required for key growth processes, such as pH cf upregulation, tissue growth and composition, and organic matrix synthesis (e.g. see review [52] ).
The higher rate of skeletal CaCO 3 formation during winter resulted in a concurrent decline in [Ca 2þ ] cf (figure 3e). figure 2 ). Thus, while elevating [Ca 2þ ] cf above seawater concentrations is important for driving calcification in some coral species (such as P. damicornis and Galaxea fascicularis) [26, 29] , this does not appear to be the case for T. reniformis.
Multiple mechanisms may operate to transport calcium and protons between seawater and the cf. However, the active exchange of Ca 2þ with H þ using the enzyme Ca- Figure 4 . Schematics of the (a) coral calcification mechanisms [18, 21, 48] , and (b) calcification processes. Scleractinian corals create their calcium carbonate skeletons within an extracellular calcifying fluid located between the sub-calioblastic cells and the skeleton with fluid supplied from the seawater [48] . Coral pH upregulation occurs via the pumping of H þ out of the calcifying fluid, promoting the diffusion of metabolic CO 2 from the mitochondria (M) into the calcifying fluid. CO 2 is converted into bicarbonate using carbonic anhydrase (CA) producing additional H þ , and active transport using bicarbonate transporters (BAT) also occurs [49] . Metabolic CO 2 is also supplied to the symbionts (Z) [49, 50] . pH upregulation shifts the equilibrium of DIC in favour of carbonate ðCO [29] . Yet the opposite is observed here, such OA-resistant P. damicornis corals in a laboratory study [26] . Thus, V cf is modulated by calcification through the depletion of [Ca 2þ ] cf , such that decoupling between V cf and rates of calcification can occur. This would explain why the observed seasonally fluctuating growth rates do not mirror the relatively stable levels of V cf (figure 2). If this is true, it implies that bulk coral calcification rates may not depend strongly on the instantaneous rate of aragonite crystal growth (i.e. V cf ), but rather on the supply of carbon to the site of calcification. Further, our results are consistent with recent work, albeit in tropical corals under both heat and acidification stress, which suggests an optimum threshold of V cf is required for calcification to occur [16, 28] , but V cf may not be the primary driver of calcification rates beyond this threshold. Thus, our results provide additional support to the hypothesis that maintaining a stable, yet elevated V cf , is likely to be a prerequisite for biomineralization. To explain how the modulation of the cf carbonate chemistry resulted in the observed calcification rates, we have integrated our findings with the literature [18, 21, 48] to form a conceptual model that includes our measurements of both aspects of V cf (i.e. CO 2À 3 and Ca 2þ ) for corals growing at high latitude ( figure 4a,b) . First, pH upregulation (removal of H þ ) raises the availability of CO 2À 3 at the site of calcification and elevates V cf , thus promoting calcification (figure 4b) [15] . This is driven by (i) the diffusion of metabolic CO 2 into the cf [21] and (ii) a shift in the equilibrium of DIC in favour of CO 2À 3 over bicarbonate ðHCO À 3 Þ (figure 4b). CO 2 is converted into bicarbonate using carbonic anhydrase (CA), producing additional H þ and HCO À 3 may be brought to the site of calcification using bicarbonate transporters (BAT) [49] . Elevating pH works in conjunction with the supply of DIC to increase the availability of CO 2À 3 (figure 4b). Lastly, calcification occurs and Ca 2þ is depleted from the cf, thereby causing a decrease in V cf (figure 4b). Thus, the same V cf can be achieved by either high CO figure 4b ).
(c) Drivers and mechanisms of calcification during the 2016 El Niño winter cooling
The anomalous cold temperatures during the 2016 El Niñ o winter provide further insight into the extreme cold periods that are likely to threaten high-latitude corals more frequently than tropical corals [56] . Turbinaria reniformis showed significant cold stress (F v /F m : 0.47 + 0.01) when temperatures dropped 18C cooler (approx. 168C) than the normal winter minimum (approx. 178C). However, T. reniformis calcification rates did not appear to be affected by the El Niñ o-driven cold stress (figure 2), given that lower F v /F m did not correspond to significantly lower calcification rates (i.e. compared to the 2015 winter). The high calcification rates during this period of El Niñ o-driven cold stress were supported via unusually high upregulation of wintertime DIC cf . This could potentially be explained by an increase in metabolic DIC supply via increased heterotrophy during sub-optimal or stressful conditions [57] . Our results show, however, that the higher levels of DIC cf during the El Niñ o cold period were still counter-regulated systematically by lower pH cf during winter in order to maintain stable V cf and elevated ½CO 2À 3 cf to support high rates of calcification (figure 3). Thus, V cf during the 2016 winter was lower than it would be if the mechanism of pH cf and DIC cf counterregulation were not operational. These results have important implications for high-latitude coral calcification during periods of ENSO-driven cold stress [56] , as they demonstrate that corals are able to biologically modulate the carbonate chemistry of the cf, with a shift to higher DIC cf , to maintain calcification rates.
(d) High-latitude coral calcification mechanisms and the future of high-latitude corals
Under future climate change, rising temperatures at high latitude could potentially have a positive effect on calcification rates, particularly during winter, when growth rates are thought to be limited by lower temperatures [10] . We show here, however, that seasonally lower wintertime temperatures and light levels did not limit the calcification rates of T. reniformis corals at their latitudinal limits. Furthermore, these corals were able to maintain high rates of calcification despite an ENSO-driven cold stress event. The absence of any clear relationship between temperature and coral calcification rate can be explained by (i) higher chlorophyll a during winter compared with summer providing the coral nutrition for increased heterotrophy, and (ii) the corals' ability to modulate pH cf in response to seasonally variable DIC cf , such that seasonal changes in bulk rates of calcification appear to depend strongly on ½CO 2À 3 cf , rather than V cf or temperature. Thus, warmer seawater temperatures due to continued ocean warming may not necessarily promote faster rates of calcification at high latitude, and are not necessarily required to support high-latitude coral calcification during winter [32] . Moreover, marine heatwaves have recently caused mass bleaching of high-latitude reefs [5] . Thus, further work is required to establish how high-latitude coral calcification rates will respond to the combined effects of OA, warming and marine heatwaves. 
